The enzyme catalysing the conversion of PE (phosphatidylethanolamine) into PC (phosphatidylcholine), PEMT (PE Nmethyltransferase), exists as two isoforms, PEMT-L (longer isoform of PEMT) and PEMT-S (shorter isoform of PEMT). In the present study, to compare the functions of the two isoforms of PEMT, we established HEK (human embryonic kidney)-293 cell lines stably expressing PEMT-L and PEMT-S. Both PEMT-L and PEMT-S were localized in the ER (endoplasmic reticulum). PEMT-L, but not PEMT-S, was N-glycosylated with highmannose oligosaccharides. The enzymatic activity of PEMT-S was much higher than that of PEMT-L. By using novel enzymatic assays for measuring PC and PE, we showed that PEMT-L and PEMT-S expression remarkably increased the cellular PC content, whereas the PE content was decreased by PEMT-S expression, but was hardly affected by PEMT-L expression. The cellular content of phosphatidylserine was also reduced by the expression of PEMT-L or PEMT-S. MS analyses demonstrated that the expression of PEMT-S led to more increases in the molecular species of PC and PC-O (ether-linked PC) with longer polyunsaturated chains than that of PEMT-L, whereas the PC-O species with shorter chains were increased more by PEMT-L expression than by PEMT-S expression, suggesting a difference in the substrate specificity of PEMT-L and PEMT-S. On the other hand, various PE and PE-O species were decreased by PEMT-S expression. In addition, PEMT-L and PEMT-S expression promoted the proliferation of HEK-293 cells. Based upon these findings, we propose a model in which the enzymatic activity and substrate specificity are regulated by the glycosylated N-terminal region of PEMT-L localized in the ER lumen.
INTRODUCTION
PC (phosphatidylcholine) is the most abundant phospholipid in mammalian cell membranes, constituting 40-50 % of total phospholipids [1] . All eukaryotic cells synthesize PC via the CDP (cytidine diphosphate)-choline pathway [2] . PC is also synthesized through the methylation of PE (phosphatidylethanolamine) by PEMT (PE N-methyltransferase) in a few bacteria, yeast and in the livers of mammals [2] [3] [4] . LPC (lysophosphatidylcholine) is acylated to PC by LPC acyltransferase activity [5] . PC is catabolized by phospholipases A 2 , C and D and by PS (phosphatidylserine) synthase 1. The second most abundant mammalian membrane phospholipid is PE, which constitutes ∼ 45 % of total phospholipids in the brain, but only ∼ 20 % of total phospholipids in the liver [1] . PE is generated in mammalian cells by two major pathways: the CDP-ethanolamine pathway and the PS decarboxylation pathway [1] . PE is also generated by the acylation of LPE (lysophosphatidylethanolamine) [5] . PE is involved in numerous cellular functions beyond serving a structural role in membranes.
PC-O (ether-linked PC), including plasmanylcholine and plasmenylcholine, and PE-O (ether-linked PE), including plasmanylethanolamine and plasmenylethanolamine, are characterized by the presence of an ether bond, but not an ester bond, at the sn-1 position of the glycerol backbone. Plasmenylcholine and plasmenylethanolamine are also called plasmalogens, and display a cis double bond on the alkyl chain, adjacent to the ether bond, forming a vinyl-ether linkage. Plasmalogens comprise approx. 18 % of phospholipids in humans, but the plasmalogen content of individual tissues or cell types varies widely [6] . Plasmenylethanolamine is the more abundant form of PE-O. Although PC-O usually consists of plasmanylcholine, certain cells contain significant levels of plasmenylcholine. Plasmanylcholine is used for the formation of platelet-activating factor.
The human PEMT gene on chromosome 17p11.2 has nine exons and eight introns, and differential promoter usage generates three unique transcripts [7, 8] . Transcript variant 1 (GenBank ® accession number NM_148172) encodes PEMT-L (longer isoform of PEMT), whereas transcript variants 2 and 3 (GenBank ® accession numbers NM_007169 and NM_148173 respectively) encode PEMT-S (shorter isoform of PEMT). PEMT expression is highest in the human liver, but transcripts are also detectable in the heart, testis, brain and skeletal muscle [8] . It has been reported that transcript variant 2 is the most abundant in human liver [8] . On the other hand, Resseguie et al. [9] have suggested that transcript variant 1 is the most abundant transcript (∼ 80 %). PEMT is localized to the ER (endoplasmic reticulum) and catalyses the sequential transfer of three methyl groups from AdoMet (S-adenosylmethionine) to PE to generate PC [2, 4, 10] . In the liver, the PEMT-controlled pathway accounts for ∼ 30 % of PC biosynthesis [11] . PEMT-knockout mice fed a cholinedeficient diet exhibit severe liver failure within 3 days and die in 4-5 days [12] . PEMT compensates for the lack of dietary choline, which may occur during starvation, pregnancy or lactation. The polymorphism of the human PEMT gene is associated with susceptibility to steatosis [13, 14] , and patients with non-alcoholic steatohepatitis have a diminished PC/PE ratio within the liver [15] . Zhao et al. [16] have recently shown that the deletion of PEMT reduces hepatic secretion of very-low-density lipoproteins, alters the clearance rate of very-low-density lipoproteins from plasma and attenuates atherosclerosis in mice.
The function and structure of PEMT-L have not been characterized, in contrast with PEMT-S. In the present study, we compared the function of PEMT-L and PEMT-S using HEK (human embryonic kidney)-293 cell lines stably expressing PEMT-L and PEMT-S (HEK/PEMT-L and HEK/PEMT-S), because HEK-293 cells are commonly used for the study of phospholipid metabolism [17] [18] [19] and do not endogenously express detectable levels of PEMT-L and PEMT-S proteins. We investigated the subcellular localization, glycosylation and enzymatic activity of PEMT-L and PEMT-S. We also studied the effects of PEMT-L and PEMT-S expression on the cellular contents of PC and PE using novel enzymatic methods, on the PC and PE molecular species by ESI-MS/MS (electrospray ionization-tandem MS) analyses, and on cell growth.
EXPERIMENTAL

Materials
Choline oxidase from Alcaligenes sp. was obtained from Wako Pure Chemical Industries. Amine oxidase (tyramine oxidase) from Arthrobacter sp. was provided by Asahi Kasei Pharma. PLD (phospholipase D) from Streptomyces chromofuscus and GPL-PLD (glycerophospholipid-specific PLD) from Streptomyces sp. were purchased from BIOMOL International. Horseradish peroxidase was obtained from Oriental Yeast. Amplex Red reagent was purchased from Molecular Probes. POPC (L-α-palmitoyl-oleoyl PC), PC from chicken egg, PC from soya bean, 14:0/14:0 PC, 16:0/18:1 plasmanylcholine, POPE (L-α-palmitoyl-oleoyl PE), PE from bovine liver, PE from soya bean, 18:1/18:1 plasmenylethanolamine, L-α-palmitoyl-oleoyl PS sodium salt, L-α-palmitoyl-oleoyl PA (phosphatidic acid) sodium salt, palmitoyl-oleoyl PG (phosphatidylglycerol) sodium salt, palmitoyl SM (sphingomyelin), L-α-mono-oleoyl PC and L-α-mono-oleoyl PE were purchased from Avanti Polar Lipids. 14:0/14:0 PE was purchased from Sigma-Aldrich. Dipalmitoyl PI (phosphatidylinositol) ammonium salt was purchased from Cayman Chemical. Endo H (endoglycosidase H) and PNGase F (peptide N-glycosidase F) were obtained from New England Biolabs. All other chemicals used were of the highest reagent grade.
Enzymatic measurement of PC
The three steps for the enzymatic measurement of PC are illustrated in Figure 1 (A). (1) PC is hydrolysed to choline and PA by GPL-PLD, which does not react with SM or LPC. (2) Choline is oxidized by choline oxidase to betaine and two H 2 O 2 molecules. (3) In the presence of peroxidase, H 2 O 2 reacts with Amplex Red to produce highly fluorescent resorufin, which can be measured. Measurement was performed using a three-reagent system. Reagent C1 contained 150 units/ml GPL-PLD, 1.5 mM CaCl 2 , 50 mM NaCl and 50 mM Tris/HCl (pH 7.4). Reagent C2 contained 4 units/ml choline oxidase, 5 units/ml peroxidase, 300 μM Amplex Red, 0.2% Triton X-100, 50 mM NaCl and 50 mM Tris/HCl (pH 7.4). Amplex Red stop reagent was obtained from Molecular Probes. PC standard solutions were dissolved in an aqueous 1 % Triton X-100 solution. At least 2.5 mM POPC, egg PC, soya bean PC and 16:0/18:1 plasmanylcholine could be completely solubilized with 1 % Triton X-100.
The sample (10 μl) was added to reagent C1 (40 μl) and incubated at 37
• C for 30 min. After the incubation, reagent C2 (50 μl) was added. After 30 min of incubation at room temperature (20) (21) (22) (23) (24) (25) • C), Amplex Red stop reagent (20 μl) was added. The fluorescence intensity was measured using a Fluoromark fluorescence microplate reader (Bio-Rad Laboratories), and the λ ex and λ em filters were set at 544 and 590 nm respectively. 
Enzymatic measurement of PE
There are three steps for the enzymatic measurement of PE ( Figure 2A Measurement was performed using a three-reagent system. Reagent E1 contained 150 units/ml PLD, 1.5 mM CaCl 2 , 50 mM NaCl and 50 mM Tris/HCl (pH 7.4). Reagent E2 contained 4 units/ml amine oxidase, 5 units/ml peroxidase, 300 μM Amplex Red, 0.2 % Triton X-100, 50 mM NaCl and 50 mM Tris/HCl (pH 7.4). PE standard solutions were dissolved in 1 % Triton X-100 aqueous solution. At least 2.5 mM POPE, liver PE, soya bean PE and 18:1/18:1 plasmenylethanolamine could be completely solubilized with 1 % Triton X-100. Sample (10 μl) was added to reagent E1 (40 μl) and incubated at 37
• C for 30 min. After the incubation, reagent E2 (50 μl) was added. After 30 min of incubation at room temperature, Amplex Red stop reagent (20 μl) was added. The fluorescence intensity was measured using a fluorescence microplate reader and the λ ex and λ em filters were set at 544 and 590 nm respectively.
Recombinant plasmid construction
The human PEMT gene (The I.M.A.G.E. Consortium clone number 3162576; GenBank ® accession number BC_000557) was obtained from the A.T.C.C.. This PEMT gene contains the translation start sites of PEMT-L and PEMT-S and two SNPs (single nucleotide polymorphisms), rs7946 (V212M in PEMT-L or V175M in PEMT-S) and rs897453 (V95I in PEMT-L or V58I in PEMT-S). WT (wild-type) PEMT-L and WT PEMT-S were generated using a KOD-Plus mutagenesis kit (Toyobo). Using PCR, an oligonucleotide encoding an HA (haemagglutinin) (YPYDVPDYA)-tagged epitope was added to the 5 end of WT PEMT-L or WT PEMT-S. These PCR products were ligated into the NheI and EcoRI sites of the pIRESneo3 mammalian expression vector (Clontech) to generate the plasmids pIRESneo3/HA-PEMT-L-WT and pIRESneo3/HA-PEMT-S-WT. pIRESneo3 contains the internal ribosome-entry site, which permits the translation of two open reading frames from one mRNA. This expression system facilitates the establishment of pools of stably transfected cell lines, whereby nearly all cells surviving in selective medium express the gene of interest, since the neomycin phosphotransferase gene is expressed under the control of the same promoter [20] .
Cell cultures
HEK-293 cells were grown in MEM (minimum essential medium) supplemented with 10 % (v/v) heat-inactivated FBS (fetal bovine serum) in a humidified incubator (5 % CO 2 ) at 37
• C.
Establishment of stable cell lines expressing PEMT-L and PEMT-S
HEK-293 cells were transfected with pIRESneo3/HA-PEMT-L-WT or pIRESneo3/HA-PEMT-S-WT using Lipofectamine TM reagent and PLUS TM reagent (Invitrogen) according to the manufacturer's instructions. Transfected cells were selected with 1.2 mg/ml G418 disulfate (Nacalai Tesque), and a large number of G418-resistant clones were pooled in one dish.
Expression of PEMT-L and PEMT-S
The expression of PEMT-L and PEMT-S was examined by Western blotting. Cells were lysed with PBS containing 1 % Triton X-100 and protease inhibitors {100 μg/ml p-APMSF [(pamidinophenyl)methanesulfonyl fluoride], 10 μg/ml leupeptin and 2 μg/ml aprotinin}. Cell lysate proteins were separated by SDS/PAGE on a 15 % gel calibrated with Precision Plus WesternC protein standards (Bio-Rad Laboratories). These proteins were transferred on to PVDF membranes and immunoblotted with the monoclonal anti-HA antibody 12CA5 (Roche Applied Science) (1:3000 dilution) or polyclonal anti-PEMT antibody (Millipore) (1:1000 dilution). Protein-antibody complexes were detected by enhanced chemiluminescence using horseradish peroxidase-conjugated goat anti-mouse IgG (Invitrogen) and ECL Plus Western blotting detection reagents (GE Healthcare), and exposed to X-ray films. The film was scanned and the integrated optical densities of the bands were measured using ImageJ software (NIH).
Total RNA isolation was performed using an SV Total RNA Isolation System (Promega). RT (reverse transcription)-PCR for PEMT mRNA was performed using an Access Quick RT-PCR System (Promega) with a set of primers (5 -AAGAC-CCGCAAGCTGAGCA-3 and 5 -AGTACATGGGGTTGTCC-AGGA-3 ) that bind to all three PEMT transcript variants [9] . Another primer pair (5 -TGAACGGGAAGCTCACTGG-3 and 5 -TCCACCACCCTGTTGCTGTA-3 ) was used for the detection of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA. The amplified product was resolved by 3 % (w/v) agarose gel electrophoresis.
Glycosylation of PEMT-L and PEMT-S
Cells were lysed with PBS containing 1 % Triton X-100 and protease inhibitors (100 μg/ml p-APMSF, 10 μg/ml leupeptin and 2 μg/ml aprotinin). Digestion with Endo H and PNGase F was performed as described in the manufacturer's instructions. In brief, cell lysate (5 μg of protein) was treated with 2500 units of Endo H or 1000 units of PNGase F for 1 h at 37
• C. The deglycosylated proteins were separated by SDS/PAGE (15 % gel) and immunodetected using a monoclonal anti-HA antibody (1:3000 dilution).
PEMT-activity assays
Cell homogenates (50 μg of protein) were assayed for PEMT activity using phosphatidylmonomethylethanolamine (Avanti Polar Lipids) as the methyl acceptor and S-adenosyl-L-[methyl-3 H]methionine (MP Biomedicals) as the methyl donor using the method of Ridgway and Vance [21] . The PEMT specific activities were calculated by subtracting the non-specific activity in HEK-293 cells. The PEMT relative activities were determined by normalizing to protein expression levels.
Measurement of PC and PE content in cells
Cells were subcultured in poly-L-lysine-coated six-well plates at various cell densities in MEM supplemented with 10 % (v/v) FBS. After incubation for 48 h, the cells were washed with fresh medium and incubated with MEM containing 0.02 % BSA for 18 h at 37
• C. After incubation, the cells were chilled on ice, washed and scraped with ice-cold PBS. The cells were sonicated (model UR-20P, Tomy Seiko, power 10 for 40 s), and the cell protein concentration was measured using a BCA (bicinchoninic acid) protein assay kit (Thermo Scientific). Cellular lipids were extracted by the method of Bligh and Dyer [22] and dissolved in 1 % Triton X-100 prepared just before use. The contents of PC and PE in the lipid extract from cells were measured by enzymatic assays.
Measurement of PS content in cells
Cells were subcultured in 10-cm dishes at a density of 9 × 10 6 cells per dish in MEM supplemented with 10 % (v/v) FBS. After incubation for 48 h, the cells were washed with fresh medium and incubated with MEM containing 0.02 % BSA for 18 h at 37
• C. After incubation, the cells were chilled on ice, washed and scraped with ice-cold PBS. The cells were sonicated (power 10 for 40 s) and the cell protein concentration was measured. Cellular lipids were extracted by the method of Bligh and Dyer [22] . The content of PS in the lipid extract from cells was determined using TLC and a phosphorus assay as described previously [23, 24] .
Mass-spectrometric analysis
Cells were subcultured in 10-cm dishes at a density of 9 × 10 6 cells in MEM supplemented with 10 % (v/v) FBS. After incubation for 48 h, the cells were washed with fresh medium and incubated with MEM containing 0.02 % BSA for 18 h at 37
• C. After incubation, the cells were chilled on ice, washed and scraped with ice-cold PBS. The cells were sonicated (power 10 for 40 s) and the cell protein concentration was measured. Cell homogenates corresponding to 2 mg of protein were subjected to lipid extraction using the method of Bligh and Dyer [22] . The nonnaturally occurring lipid species 14:0/14:0 PC and 14:0/14:0 PE were added as internal standards [25] . The chloroform phase was dried under a gentle stream of nitrogen and dissolved in 10 mM ammonium acetate in methanol/chloroform (3:1). The extracted lipids were subjected to ESI-MS/MS analysis using an API3000 triple-quadrupole mass spectrometer (Applied Biosystems) by direct flow injection at a flow rate of 5 μl/min. The mass range of the instrument was set at m/z 600 -1000 with a scan time of 1 s. The ion-spray voltage was set at 4500 V and the declustering potential was set at 30 V. Nitrogen was used as the curtain gas and as the collision gas. In the positive-ion mode, precursor ion scanning at m/z 184 and neutral loss scanning of 141 Da were used for PC and PE respectively [25, 26] . The signal intensity of the internal standard (14:0/14:0 PC or 14:0/14:0 PE) was represented as 100 %.
Statistical analysis
The statistical significance of differences between mean values was analysed using the unpaired Student's t test. Multiple comparisons were performed using the Bonferroni test following ANOVA. Differences were considered significant at P < 0.05. Unless indicated otherwise, results are given as means + − S.E.M.
RESULTS AND DISCUSSION
PC measurement
Enzymatic assays have been reported for the quantification of various phospholipids, including PC [27, 28] , PA [29] , PG [30] , SM [31, 32] , LPC [33] and lysophosphatidic acid [29, 34] . In addition, Ota et al. [35] recently described a preliminary study of an enzymatic method for PE measurement, while our present studies were in progress. Amplex Red is widely used to monitor H 2 O 2 levels and a variety of oxidase-mediated reactions [29, 32, 36] .
Using Amplex Red, we modified the method for the enzymatic measurement of PC reported by Hojjati and Jiang [28] . As shown in Figure 1(B) , the standard curve for PC measurement was linear between 10 and 150 μM (r = 0.9995). At lower concentrations of PC, there was a quadratic relationship between PC concentration and fluorescence intensity, and the detection limit was 1 μM (10 pmol in the reaction mixture) ( Figure 1C ), which was a 250-fold improvement compared with the colorimetric assay [29] . The fluorescence change in response to POPC was the same as that to egg PC or soya bean PC containing mixed acyl chains and to plasmanylcholine (a PC-O) ( Figure 1D ), indicating that this method can measure PC and PC-O regardless of the chain length and the number of double bonds. In this assay, other choline-containing phospholipids, SM and LPC, showed only negligible increases in fluorescence (∼ 1 % and ∼ 2 % of the increase induced by PC respectively) ( Figure 1E ), demonstrating that the activity of GPL-PLD towards SM or LPC is very low. In addition, the PC measurement was not affected by 100 μM PE, 100 μM PS, 100 μM PG, 100 μM PA, 100 μM PI or 100 μM LPE (results not shown).
PE measurement
An enzymatic method was also developed for measuring PE. A calibration reaction was performed using PE standard solutions to determine the detection sensitivity of the novel method. As shown in Figure 2 (B), there was a linear relationship from 50 to 250 μM PE (r = 0.9978), and a much better linear fit was obtained without forcing the curve through zero. At lower concentrations of PE, the curve was slightly non-linear and fitted a quadratic regression equation (r = 0.9998) ( Figure 2C ). The detection limit was as low as 1 μM (10 pmol in the reaction mixture). Because the activity of GPL-PLD towards PE was not high enough to completely hydrolyse PE, we used PLD, but not GPL-PLD, for PE measurement. There were no significant differences in the fluorescence changes in response to POPE, liver PE, soya bean PE and plasmenylethanolamine (a PE-O) ( Figure 2D ), indicating that this PE measurement is not affected by the chain length, the number of double bonds or the linkage type (ester or ether). Next, we investigated whether this assay also detects LPE, because PLD hydrolyses LPE to release ethanolamine. As expected, PE and LPE increased the fluorescence to the same extent when normalized to moles (Figure 2E ). This measurement cannot distinguish between PE and LPE. On the other hand, using other amine-containing phospholipids, PC and PS, led to no increase in fluorescence ( Figure 2E ), indicating that choline and serine are not substrates of amine oxidase from Arthrobacter. In addition, 100 μM PC, 100 μM PS, 100 μM PG, 100 μM PA, 100 μM PI, 100 μM SM or 100 μM LPC had no influence on the PE measurement (results not shown).
PC and PE content in cultured cells
Choline oxidase for PC measurement and amine oxidase for PE measurement react with choline and various amines respectively to produce H 2 O 2 [35, 37] . Cultured cells contain considerable amounts of choline and amines, confounding PC and PE measurements. The concentration of choline and amines can be determined by enzymatic assays using reagents C2 and E2 without reagents C1 and E1 respectively. The method of Bligh and Dyer [22] has been widely used for lipid extraction, followed by quantification of PC and PE using TLC or HPLC [15, 24] . The lipid extract from HEK-293 cells obtained by the method of Bligh and Dyer [22] did not contain a detectable amount of choline or amines that reacted with choline oxidase or amine oxidase. Therefore lipid extraction from cells is recommended for enzymatic measurements of PC and PE, although the PC and PE concentrations in cell lysates can be determined without lipid extraction by subtracting the concentrations of contaminating choline and amines respectively.
We sought to determine the accuracy of PC and PE measurements by recovery studies in which known quantities of POPC or POPE were added to the cellular lipid extract ( Table 1) . The mean recoveries of PC and PE in concentrations of 12.5-75.0 μM were 101.3 + − 0.6 % and 99.6 + − 0.7 % respectively. These results indicated that in PC and PE assays, there was no interference of hydrophobic compounds extracted from the cells.
This enzymatic assay for PE quantifies the total concentration of PE and LPE. The content of LPE in cellular membranes is generally much lower than that of PE [38] . The extraction of lysophospholipids using the method of Bligh and Dyer [22] requires acidic conditions [39] . Thus, in the cellular lipid extract prepared using the normal method of Bligh and Dyer [22] , the LPE concentration may be very low and negligible for total PE measurement.
These enzymatic methods for PC and PE measurement are simple, rapid, specific, sensitive and high-throughput. Both PC and PE measurement requires only a 10 μl sample volume, and the detection limits are as low as 10 pmol. All enzymes and substrates are available commercially. These assays are applicable to the quantification of PC and PE in sparse cell cultures and may be extended to determine PC and PE levels in subcellular organelles or in animal tissues and fluids.
Expression of PEMT-L and PEMT-S in HEK-293 cells
To study the function of human PEMT-L and PEMT-S, HEK-293 cell lines stably expressing PEMT-L (HEK/PEMT-L) and PEMT-S (HEK/PEMT-S) were established. A HA-tag was fused to the N-termini of PEMT-L and PEMT-S for immunodetection using an anti-HA antibody. It has been demonstrated that HA-tagged PEMT is enzymatically active [40] . PEMT-L and PEMT-S were expressed as proteins of ∼ 26 kDa and ∼ 19 kDa respectively, as assessed by SDS/PAGE ( Figure 3A) . The expression level of PEMT-L was 4.4-fold higher than that of PEMT-S. The expression of PEMT-L or PEMT-S in the stable cell lines was also detected using polyclonal anti-PEMT antibody, but endogenous PEMT-L or PEMT-S were not detected in the host HEK-293 cells ( Figure 3B ). However, endogenous PEMT mRNA was barely detected in the host HEK-293 cells by RT-PCR ( Figure 3C ). It has been demonstrated previously that the human PEMT-S protein transiently expressed in normal rat kidney cells co-localizes with protein disulfide isomerase, an ER marker, and that a C-terminal lysine residue is essential for targeting PEMT to the ER [10] . We examined the subcellular localization of PEMT-L and PEMT-S in HEK-293 cells by immunofluorescence confocal microscopy using a rat anti-HA monoclonal antibody and a rabbit anti-protein disulfide isomerase polyclonal antibody. As expected, both isoforms of PEMT co-localized with protein disulfide isomerase, the ER protein (results not shown).
PEMT-L has a 37-amino-acid sequence upstream of the Nterminus of PEMT-S. An asparagine residue at position 13 in the N-terminal region of PEMT-L is predicted to be N-glycosylated, whereas there is no putative N-glycosylation site in PEMT-S. Endo H and PNGase F cleave high-mannose structures and nearly all types of N-glycan chains respectively. As shown in Figure 3 To assess the enzymatic activity of PEMT-L or PEMT-S, protein homogenates from HEK/PEMT-L and HEK/PEMT-S cells were assayed for PEMT activity. The PEMT-specific activities were calculated by subtracting the non-specific activity in the host HEK-293 cells, which did not express detectable PEMT proteins ( Figure 3B ). HEK/PEMT-S cells displayed greater PEMT activity than HEK/PEMT-L cells (Figure 4A ), despite the lower expression level of PEMT-S compared with PEMT-L ( Figure 3A) . The relative activity of PEMT-L normalized to the expression level was 12.2 % of that of PEMT-S ( Figure 4B ). These results suggested that the N-terminal region of PEMT-L in the ER lumen negatively regulates enzymatic activity, although the binding site on PEMT for AdoMet is localized to the cytosolic surface of the ER [41] . It is also likely that the activity of PEMT-L is attenuated by another protein that interacts with its N-terminal region.
Effect of PEMT expression on PC and PE contents in HEK-293 cells
To examine the effect of PEMT expression on PC and PE cellular content, we quantified PC and PE content in the lipid extracts from HEK-293 cells HEK/PEMT-L cells and HEK/PEMT-S cells at various cell densities using our new enzymatic assays. As shown in Figure 5(A) , the PC content in HEK-293 cells increased in a cell-density-dependent manner, which was consistent with our previous results obtained from the colorimetric PC assay [29] . The increase in the density of HEK-293 cells was also accompanied by an increase in the cellular PE content ( Figure 5B ). The PE content in HEK-293 cells at a high cell density (77.1 μg of protein/cm 2 ) was 1.3-fold higher than that at a low cell density (6.17 μg of protein/cm 2 ) (P < 0.005). On the other hand, the PE/PC ratio in HEK-293 cells decreased with increasing cell density ( Figure 5C ). We have also reported previously that the cellular content of PA is negatively correlated with cell density [29] . However, the relationships between cell density and metabolism of phospholipids, including PC and PE, have been scarcely investigated. These findings raise the possibility that signalling from cell-cell adhesion regulates the enzyme activities involved in the synthesis and/or degradation of PC and PE. The large amounts of PC and PE at high cell density may be required for various complicated structures of the cell membranes. Further studies are necessary to clarify the mechanisms for PC and PE biosynthesis dependent on cell density.
The PC content in both HEK/PEMT-L and HEK/PEMT-S cells were similarly higher than the PC content in HEK-293 cells between the cell densities examined ( Figure 5A ). HEK/PEMT-S cells exhibited slightly, but significantly, lower PE content than HEK-293 cells at similar cell densities (P < 0.05), whereas the cellular PE content was not affected by the expression of PEMT-L ( Figure 5B) . Consequently, the PE/PC ratio decreased in the order HEK-293 cells>HEK/PEMT-L cells>HEK/PEMT-S cells ( Figure 5C ).
The medium used for the culture of animal cells usually lacks ethanolamine, and cultured cells produce PE largely through the PS decarboxylation pathway [1, 42] . We also determined whether The expression of PEMT-L and PEMT-S resulted in the generation of a substantial amount of PC, but had no or little effect on the cellular PE content. The observation that PEMT-L and PEMT-S expression led to decreased PS content in the cells suggested that PS decarboxylase compensated for the loss of PE due to PEMT-L and PEMT-S. The reduction in PE and PS content induced by PEMT expression is probably suppressed in vivo, where the ethanolamine supply is sufficient, because both PE derived from ethanolamine and PE derived from PS are converted into PC as a result of PEMT expression [43] . Although the activity of PEMT-S in the cell homogenate was remarkably higher than that of PEMT-L (Figure 4A ), the increases in PC content were similar in HEK/PEMT-L and HEK/ PEMT-S cells ( Figure 5A ). It is conceivable that PEMT-S expression enhanced the degradation of PC or down-regulated the activity of the CDP-choline pathway compared with PEMT-L expression. The possibility that the activity of PEMT-S in living cells was more limited than that of PEMT-L cannot be eliminated.
Effect of PEMT expression on molecular species of PC and PE
It has been reported previously that purified rat PEMT prefers the long-chain polyunsaturated PE as a substrate for PC synthesis [44] . In McA-RH7777 rat hepatoma cells expressing rat PEMT, the major species of PC derived from the CDP-choline pathway were 34:1 and 36:2 PC, whereas PC derived from the methylation pathway contained significantly more long-chain polyunsaturated PC species (36:2, 38:6, 38:5, 38:4 and 40:6 PC) [11] . To reveal the PC species increased by PEMT-L and PEMT-S expression, we performed ESI-MS/MS, analysing molecular species of PC in HEK-293, HEK/PEMT-L and HEK/PEMT-S cells (Supplementary Figure S1 at http://www.BiochemJ.org/ bj/432/bj4320387add.htm). The ESI-MS/MS analysis performed only determined the total number of C atoms and double bonds in the acyl, alkyl or alkenyl chains. In this analysis, the signal intensities did not allow direct comparison between different molecular species that were not detected with equal efficiency. Relative abundances of individual PC molecular species, in comparison with the signal intensity of the internal standard 14:0/14:0 PC [45] , are summarized in Table 2 We also profiled PE molecular species in HEK-293, HEK/PEMT-L and HEK/PEMT-S cells by ESI-MS/MS (Table 3 and Supplementary Figure S2 [46] . However, the CDP-ethanolamine pathway preferentially synthesized PE with mono-or di-unsaturated acyl chains at the sn-2 position, whereas PS decarboxylase generated species with mainly polyunsaturated acyl chains at the sn-2 position [46] . In HEK/PEMT-S cells cultured in the medium without ethanolamine, the decrease in PE species containing longer polyunsaturated chains might be preferentially compensated by PS decarboxylase. The disagreement between increased PC species and decreased PE species in HEK/PEMT-S cells may be largely ascribed to the remodelling pathway of deacylation and reacylation. The CDP-ethanolamine pathway was used for the synthesis of both PE and PE-O in the heart, liver and kidney, whereas the PS decarboxylase pathway was used solely for PE, but not PE-O, synthesis [47] . In McA-RH7777 cells and CHO (Chinese-hamster ovary) cells, plasmenylethanolamine species are exclusively synthesized through the CDP-ethanolamine pathway, and PS decarboxylation only marginally contributes to the formation of plasmenylethanolamine [46] . In contrast, a serine residue serves as a precursor of the head group of PS, PE and PE-O in cultured glioma cells [48] . Minor amounts of serine-linked ether-phospholipids can be found in animal cells (<0.2 % of total phospholipid mass) [6] . In the present study, HEK-293 cells were cultured in MEM containing no ethanolamine. It is unclear whether PE-O in HEK-293 cells without exogenous ethanolamine was synthesized through the PS decarboxylation and/or the CDP-ethanolamine pathway using ethanolamine or phosphoethanolamine released from PE hydrolysed by PLD or phospholipase C respectively.
Plasmanylcholine is synthesized through the CDP-choline pathway. Plasmenylethanolamine, but not plasmanylcholine, is the precursor for plasmenylcholine. Alkenylglycerol derived from plasmenylethanolamine is converted into plasmenylcholine. Lee et al. [49] suggested that AdoMet-dependent methylation of plasmenylethanolamine in the synthesis of plasmenylcholine is a minor contributing pathway in neonatal rat myocytes. The synthesis of plasmenylcholine by the methylation pathway has also been demonstrated in rat brain and rabbit myocardial membranes [50, 51] . Although the brain and heart contain high levels of plasmalogens [6] , the expression of PEMT in these tissues is relatively low compared with that in the liver [8] . Vance [52] reported that rat hepatocytes secrete nascent lipoproteins containing a relatively large amount of plasmenylethanolamine, although there was little plasmenylethanolamine in the hepatocytes. Plasmenylethanolamine and plasmenylcholine in low-density lipoproteins may function as antioxidants [53] . The molar ratio of plasmenylcholine to plasmenylethanolamine in the serum correlates with the particle size of low-density lipoproteins, suggesting that the declining conversion from plasmenylethanolamine into plasmenylcholine is related to the appearance of atherogenic small dense low-density lipoproteins [54] . Lack of PEMT reduces the molar ratio of PC/PE in nascent very-low-density lipoproteins and the atherosclerotic lesion area [16] . Therefore the formation of plasmenylcholine from plasmenylethanolamine by PEMT may be related to the atherogenicity of lipoproteins.
Effect of PEMT expression on cell growth
To explore the relationship between cell growth and PEMT expression in HEK-293 cells, we compared the proliferation rates of HEK-293, HEK/PEMT-L and HEK/PEMT-S cells. Figure 6 shows the exponential increase in cell density. HEK/PEMT-L and HEK/PEMT-S cells proliferated faster than HEK-293 cells. The doubling times of HEK/PEMT-L and HEK/PEMT-S cells between days 1 and 4 (43.3 + − 0.6 and 46.5 + − 0.8 h respectively) were markedly shorter than that of HEK-293 cells (64.8 + − 2.5 h) (P < 0.001). Thus the expression of PEMT-L and PEMT-S promoted the growth of HEK-293 cells. It has been reported that PEMT expression in McA-RH7777 rat hepatoma cells induces cell growth inhibition and apoptosis, and that the expression of PEMT decreases the PE content, but does not affect PC content in the hepatoma cells [55, 56] . In contrast, the expression of PEMT in CHO cells has been shown to have no significant effect on cell growth or on the cellular levels of PC and PE [43, 55, 57] . In addition, Emoto et al. [58, 59] have shown that cell growth during cytokinesis ceases for mutant cells that have a specific reduction in cellular PE level, indicating that PE is an essential molecule for the completion of cytokinesis. These findings suggest that a severe loss of cellular PE leads to the suppression of cell growth, whereas an increase in cellular PC production promotes cell growth, probably due to the enhanced formation of cell membranes. PC-O and its metabolites may also be associated with increased cell growth.
Membrane topology of PEMT
Shields et al. [40] have demonstrated the cytosolic orientation of the C-terminus of PEMT and the luminal orientation of loops A and C by endoproteinase-protection analysis, and proposed a topological model of PEMT in which four transmembrane regions span the membrane such that both the N-and C-termini are localized external to the ER. However, The prediction of transmembrane domains using the computer program SOSUI [61] suggested that PEMT-L contains three transmembrane helices. The HA-tag appended to the N-terminus of PEMT-L did not change the number or length of the predicted transmembrane domains. Therefore we propose a new model of PEMT topology where three transmembrane regions (amino acids 83-105, 131-153 and 194-216) are integrated in the ER membrane, and the first hydrophobic region (amino acids is localized in the ER lumen or associated with the ER membrane, but does not span the membrane (Figure 7 ). It is possible that the first hydrophobic region forms a helical hairpin in the membrane, because three proline residues are located in this region. In this model, the N-and C-termini of PEMT are localized in the ER lumen and cytosol respectively. This model does not contradict the observations from the endoproteinase-protection analysis reported by Shields et al. [40] . In addition, the length or glycosylation in the N-terminal region may modulate the enzymatic activity and substrate specificity of PEMT. The pool of cellular AdoMet exists mainly in the cytosol [62] , and two AdoMet-binding motifs of PEMT are positioned towards the cytosolic face of the second and third transmembrane helices. It is unclear which residues are critical for the binding of PE to PEMT or how the PEMT N-terminal region localized in the ER lumen regulates the enzymatic reaction.
In conclusion, PEMT-S showed higher activity than PEMT-L. By using novel enzyme-based fluorimetric assays for measuring PC and PE, we demonstrated that the cellular PC content, PE content and PE/PC ratio were highly dependent on cell density, and that PEMT-L and PEMT-S expression markedly increased PC content in HEK-293 cells, whereas the PE content was significantly decreased by the expression of PEMT-S, but not PEMT-L. We also showed that the cellular PS was decreased by the expression of PEMT-L or PEMT-S. ESI-MS/MS analyses revealed that the levels of PC and PC-O species with longer polyunsaturated chains were higher in HEK/PEMT-S cells than HEK/PEMT-L cells, whereas PEMT-L expression increased the levels of PC-O species with shorter chains more than PEMT-S expression, suggesting that there is a difference in the substrate specificity of PEMT-L and PEMT-S. In addition, both PEMT-L and PEMT-S expression enhanced the proliferation of HEK-293 cells. Our results also suggest a model in which the enzyme activity and specificity of PEMT are controlled by its N-terminal region localized in the ER lumen.
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Figure S2 Detection of PE molecular species in HEK-293, HEK/PEMT-L and HEK/PEMT-S cells by ESI-MS/MS
HEK-293, HEK/PEMT-L and HEK/PEMT-S cells on 10-cm-diameter dishes were incubated in MEM containing 0.02 % BSA for 18 h at 37 • C. The lipid extract from cells was subjected to neutral-loss scanning of 141 Da in the positive-ion mode. The signal intensity of the internal standard (14:0/14:0 PE) was taken as 100 %. Results from one representative sample are shown.
